In their encounters with foreign intruders, the cells of the insect innate immune system, like those of the mammalian immune system, exhibit both humoral and cell-mediated responses. Some intruders can be dispatched by the humoral immune system alone, but many must be phagocytosed by individual hemocytes or encapsulated by interacting hemocytes. Surface proteins of hemocytes control the abrupt transition of hemocytes from resting, nonadherent cells to activated, adherent cells during these cell-mediated responses. Two of these surface proteins, an integrin and a tetraspanin, interact during this adhesive transition. As demonstrated with a hemocyte adhesion assay and a surface plasmon resonance assay, the large extracellular loop of tetraspanin D76 binds to a hemocyte-specific integrin of Manduca sexta. The interaction between the large extracellular loop domain and hemocyte-specific integrin is interrupted not only by a monoclonal antibody (MS13) that binds to a domain of ␤-integrin known to be a ligand-binding site for cell adhesion but also by double-stranded ␤-integrin RNA. Transfected S2 cells expressing tetraspanin mediate adhesion of hemocytes. A monoclonal antibody to tetraspanin D76 perturbs the cell-mediated immune response of encapsulation. These studies involving antibody blocking, RNA interference, and binding assays imply a trans interaction of integrin and tetraspanin on hemocyte surfaces.
Cell-mediated responses of innate immune systems involve transitions between resting, nonadherent states of immune cells and their activated, adherent states. Although detailed knowledge of the involvement of adhesion receptors in these transitions exists for cells of the mammalian immune system, comparable information on the cell-mediated responses of invertebrate immune systems is very limited. For example, in vertebrates, integrins and tetraspanins mediate many cellular interactions during immune responses (1) (2) (3) (4) (5) ; however, the functions of integrins on insect immune cells or hemocytes have only recently been examined (6 -9) , and the interactions of these integrins with other surface proteins of hemocytes such as tetraspanins have not been investigated.
Integrins are cell surface heterodimers that mediate cell-cell and cell-matrix adhesion. Each integrin heterodimer is composed of noncovalently associated ␣ and ␤ subunits. The extracellular regions of both subunits combine to form a ligandbinding site (10 -12) . In mammals, products of eight integrin-␤ genes and 18 integrin-␣ genes are known to form 24 distinct integrins. Each of these integrins binds to different ligands. These multiple integrins have diverse roles in development, immunity, homeostasis, leukocyte trafficking, and metastasis (13, 14) .
Among the invertebrates, integrin subunits have been identified in six phyla as follows: sponges, cnidarians, nematodes, mollusks, echinoderms, and arthropods. The functions of these integrins, however, have only been well characterized in Drosophila (15) , in which the five ␣ subunits and two ␤ subunits are known to combine in at least three heterodimers: ␣-PS1, ␣-PS2, ␣-PS3 with ␤-PS. Drosophila integrins are expressed in a variety of cells during embryonic and larval development and bind to ligands of extracellular matrices such as laminin and tiggrin (16) , but the function of integrins in hemocytes is not well understood. Among the arthropods, integrins are known to be expressed by hemocytes of crayfish (17) and by hemocytes of a few insects that include Drosophila melanogaster (9) , the mosquito Anopheles gambiae (8) , and two lepidopteran species, Pseudoplusia includens (6) and Manduca sexta (7) .
Mammalian integrins interact through their ␣ chains with cell surface tetraspanins. These latter proteins are integral membrane proteins that have been implicated in regulating cell adhesion, migration, proliferation, and differentiation (1, 18 -20) . Tetraspanins interact with several different types of transmembrane proteins to organize their lateral position in the membrane. Mammalian integrins such as ␣3␤1, ␣6␤1, ␣6␤4, and ␣7␤ can form detergent-resistant complexes with tetraspanin proteins, and their association with tetraspanins can enhance the ligand binding activity of the integrins (21, 22) . Although most interactions of mammalian tetraspanins are known to occur within membranes (cis interactions) rather than as trans interactions with soluble ligands or ligands on opposing cells, one tetraspanin, CD81, is apparently a receptor for the hepatitis virus envelope glycoprotein E2 (22, 23) .
Integrins and tetraspanins occur together in insect cells (24) and tetraspanins clearly influence development of Drosophila, but their interactions and potential functions in cell-mediated immune responses of hemocytes have not been addressed. The * This work was supported by National Institutes of Health Grant HL064657.
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. The nucleotide sequence (s) cell-mediated responses of insects include sealing of wounds, hemolymph clotting, phagocytosis, nodulation of bacteria, and encapsulation of parasitoids, all of which involve regulated hemocyte adhesion (25, 26) . An integrin ␤ subunit that is expressed specifically in M. sexta hemocytes functions in hemocyte adhesion and encapsulation (7, 27) . We describe here an ␣ subunit that pairs with this ␤ subunit to form a hemocytespecific integrin (HS-integrin) 2 and provide results indicating that a tetraspanin of M. sexta (D76) that is expressed mainly on hemocytes (24) is a ligand for this integrin and likewise functions in the cell-mediated responses of the immune cells.
EXPERIMENTAL PROCEDURES
Insect Rearing-A laboratory colony of M. sexta was originally started from eggs purchased from Carolina Biological Supply Co. Larvae were reared on an artificial diet at a constant temperature of 26°C and a constant photoperiod of 16 h light, 8 h dark (28) .
Monoclonal Antibodies-Two of the monoclonal antibodies that recognize antigens of M. sexta hemocytes were generated by Willottt et al. (29) , MS2 and MS13. The antibody MS13 recognizes ␤1-integrin (7). The antigen recognized by MS2 is not known; however, this antibody specifically labels granular cells. A monoclonal antibody (mAb 1G2) was more recently generated to a recombinant extracellular domain of tetraspanin D76 (amino acid residues 111-217).
To purify and concentrate these antibodies from culture medium, cultures of hybridoma cells were grown in modified Eagle's medium supplemented with 5% fetal bovine serum for ϳ6 weeks. All cultures were maintained in a bioreactor (Integra). Culture supernatants were concentrated by precipitation with saturated ammonium sulfate. The precipitate was dissolved in phosphate-buffered saline (PBS) and dialyzed against PBS to remove all traces of ammonium sulfate. MS2, MS13, and mAb 1G2 were further purified by passage over a rec-Protein A column (Zymed Laboratories Inc.).
Protein Purification and Analysis-HS-integrin was purified from hemocytes of day 3 fifth instar larvae by immunoaffinity chromatography. First, hemolymph was collected from the severed dorsal horns of 150 larvae into 150 ml of anticoagulant saline (29) . After centrifugation at 500 ϫ g, room temperature, the hemocyte pellet was stored at Ϫ70°C. To solubilize membrane proteins of hemocytes, the pellet was thawed and incubated at room temperature for 30 min with gentle agitation in 100 mM octyl glucoside, 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM CaCl 2 with the protease inhibitor phenylmethylsulfonyl fluoride (1 mM). The lysed cells were centrifuged at 12,000 ϫ g for 30 min, and the supernatant was applied to a column containing anti-␤1-integrin (MS13) covalently coupled to 1 ml of Affi-Gel 10 (Bio-Rad). The column was washed with 20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM CaCl 2 , 0.1% Nonidet P-40, and the integrin was eluted with 0.1 M glycine (pH 3.0), 2 mM CaCl 2 , 0.1% Nonidet P-40. The pH of each ml of eluted material was neutralized by addition of 60 l of 1.0 M Tris (pH 8.0). The solution was concentrated by filtration through an Amicon Centriplus YM-30 membrane (Millipore).
After separation of this sample (5 g) by SDS-PAGE, the band representing the integrin ␣ subunit was excised from the gel for analysis of tryptic peptides by MALDI-TOF mass spectrometry at the University of Missouri Columbia Proteomics Center. Edman sequencing of selected peptides was performed at the Keck Foundation Biotechnology Resource Laboratory, Yale University. Analysis of mass spectra for comparison with sequences encoded by the cloned cDNA was carried out using the MS-Digest program of ProteinProspector version 4.0.5.
To express a His 6 -tagged protein representing the predicted large extracellular loop (LEL, amino acid residues 111-217) of M. sexta tetraspanin D76 (24), a cDNA fragment encoding this region was inserted in plasmid vector pBAD/gIII (Invitrogen) at 5Ј NcoI and 3Ј XbaI restriction sites, and the resulting plasmid was used to transform Escherichia coli strain BL21-AI. Expression was carried out by culturing these bacteria in LB medium supplemented with ampicillin (50 g/ml) until the A 450 reached 0.8, and then for another 4 h in the presence of 2% arabinose and 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. Bacteria were recovered by centrifugation (12,000 ϫ g, 25 min), and the pellet was suspended in 50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100. After the cells were disrupted by sonication, they were centrifuged (12,000 ϫ g, 20 min), and the insoluble material containing the recombinant protein was dissolved in 6 M urea, 20 mM Tris (pH 8.0), 300 mM NaCl, 10 mM imidazole and centrifuged again (12,000 ϫ g, 20 min). The resulting supernatant was applied to a Ni-NTA column. After washing the column with 6 M urea, 20 mM Tris (pH 8.0), 300 mM NaCl, and 20 mM imidazole, recombinant D76-LEL was eluted with the same buffer except that 250 mM imidazole replaced 20 mM imidazole. The denatured protein was refolded by dialysis against 50 mM Tris (pH 7.5), 150 mM NaCl, and 5% glycerol at 4°C overnight. Any precipitated protein was removed by centrifugation (12,000 ϫ g, 20 min), and the sample was again applied to the Ni-NTA column. After this second addition, the column was washed with 50 mM Tris (pH 7.5), 150 mM NaCl, 20 mM imidazole, and 5% glycerol. The same buffer with 200 mM imidazole replacing 20 mM imidazole was used for elution. Fractions containing LEL-D76 (detected by immunoblotting with anti-His 6 mAb) were pooled, dialyzed against 50 mM Tris (pH 7.5), 150 mM NaCl, 5% glycerol, and centrifuged (12,000 ϫ g, 20 min). The supernatant was concentrated using Amicon Centriplus YM-10 concentrators (Millipore). Protein concentrations were measured using a modified Bradford assay (Pierce), and purified proteins were then stored at Ϫ80°C.
S2 Cell Culture and Transfections-Drosophila S2 cells were maintained at 25°C in Schneider's insect medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen). A cDNA encoding full-length tetraspanin D76, including its own secretion signal peptide, was inserted into plasmid vector pMT/V5-His A (Invitrogen) and used for transfection of S2 cells by calcium phosphate precipitation. A stable cell line con- cDNA Cloning and Sequence Analysis-Degenerate primers were designed based on the following: 1) a peptide sequence obtained from immunoaffinity purification of the HS-integrin ␣ subunit; 2) a sequence that is conserved in ␣-integrins (DLLVGAP). These primers were used for reverse transcription (RT)-PCR. The following primers based on peptide sequences 1 and 2 above were used for RT-PCR: 1) forward 5Ј-GAY YTI YTI GTI GGI GCI CC-3Ј; reverse 5Ј-CK IGC YTG DAT RTT RTA RAA-3Ј. The following conditions were chosen for RT-PCR using these primers along with total RNA from fifth instar larval hemocytes as template: Powerscript (Clontech)/Platinum Taq polymerase under thermocycler conditions of 42°C, 90 min; 94°C, 2 min, followed by five cycles of 94°C, 30 s, 45°C, 30 s, 72°C, 1 min; 25 cycles of 94°C, 30 s, 45°C, 30 s, 72°C, 1 min; and with a final incubation at 72°C for 10 min. The resulting PCR product was cloned in a pCR4-TOPO vector (Invitrogen) and sequenced.
To obtain a full-length cDNA sequence, 3Ј-and 5Ј-rapid amplification of cDNA ends (RACE) was employed using the GeneRacer kit version E (Invitrogen) along with hemocyte total RNA and four primers based on the partial cDNA sequence obtained above. The PCR products for 3Ј-RACE and 5Ј-RACE were cloned in a pCR4-TOPO vector and sequenced. To confirm these RACE results, RT-PCR was performed using primers from the 5Ј-and 3Ј-untranslated sequences of the ␣-integrin mRNA. The product was cloned in pCR4-TOPO, and its DNA sequence was determined.
Multiple sequence alignment was carried out using the ClustalW program. Location of a signal peptide was predicted using SignalP 3.0.
Cell Adhesion Assay-Adhesion of cells to wells of microtiter plates was measured by assaying the endogenous acid phosphatase activity of adherent cells (30) . D76-LEL, recombinant glutathione transferase (GST), or His 6 -tagged tyrosine hydroxylase of M. sexta (each at 1 mg/ml in 50 mM Tris-HCl (pH 7.5), 150 mM NaCl) were used to coat wells of a 96-well plate (Corning Costar, 3590). Aliquots of D76-LEL, GST, or tyrosine hydroxylase were added to each well and incubated at 4°C overnight. The plate was blocked the next day for 1 h at room temperature with the buffers indicated under "Results" containing 5% bovine serum albumin (BSA).
Hemocytes were collected in anticoagulant saline, centrifuged at 500 ϫ g for 8 min, and washed twice with buffers containing 0.5% BSA. Cells were suspended in adhesion buffer (10 mM MES, pH 6.5, 50 mM KCl, 75 mM sucrose, 0.5% BSA, 5 mM CaCl 2 , 10 mM MgCl 2 , 0.4 mM MnCl 2 ) at a concentration of 1 ϫ 10 6 cells/ml, and 200-l aliquots of the suspension were added to wells and incubated for 30 min at 26°C. The plate was then washed four to five times with adhesion buffer, followed by addition of 100 l of acid phosphatase substrate p-nitrophenyl phosphate (5 mg/ml) and 1% Triton X-100 in 50 mM sodium acetate (pH 5.5). The adherent cells were incubated with this substrate for 1 h at 37°C. The reaction was stopped by addition of 50 l of 1.0 M NaOH, and absorbance was measured at 410 nm.
Adhesion of hemocytes to S2 cells expressing tetraspanin D76 was assayed with a method adapted from Weber et al. (31) . For this S2 cell static-adhesion assay, 0.5 ml of stably transformed S2 cells (5 ϫ 10 6 /ml) were incubated for 2 h at room temperature in each well of a 24-well plate in a binding buffer (10 mM HEPES (pH 7.0), 100 mM NaCl, 5 mM CaCl 2 , 10 mM MgCl 2 , 0.4 mM MnCl 2 , 0.5% BSA). The plate was subsequently blocked for 1 h with binding buffer containing 5% BSA instead of 0.5% BSA. Hemocytes (0.5 ml, 1 ϫ 10 6 /ml) that had been labeled with 5 M calcein-orange (Molecular Probes) and suspended in binding buffer were incubated with the attached S2 cells for 30 min at room temperature. Each well was then washed twice with binding buffer before addition of 0.5 ml of lysis buffer (50 mM Tris (pH 7.5), 100 mM NaCl, 1% Triton X-100) and transfer to a 96-well plate for measurement of fluorescence (577 nm excitation, 590 nm emission) with a CaryEclipse (Varian) plate reader. In some experiments, S2 cells were preincubated for 10 min with 5 g/ml anti-tetraspanin, or hemocytes were preincubated with 5 g/ml anti-␤1-integrin.
SPR Measurements-Measurements of kinetic interactions between HS-integrin and D76-LEL were performed using a BIAcore 3000 SPR biosensor (BIAcore AB) following the methods of Yan et al. (32) and Smith et al. (33) . Integrin was immobilized on a CM5 sensor chip with N-hydroxysuccinimide and N-ethyl-NЈ-(3-diethylaminopropyl) carbodiimide dissolved in 10 mM sodium acetate (pH 4.5), 2 mM CaCl 2 , and 0.1% Nonidet P-40. As a control to account for nonspecific interactions, a recombinant protein representing the six immunoglobulin domains of M. sexta neuroglian (34) was similarly coupled to a different flow cell of the CM5 sensor chip. Different concentrations of D76-LEL were prepared in three binding buffers that differed only in their concentrations of Mn 2ϩ as follows: 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.05% Nonidet P-40, 5 mM CaCl 2 ,10 mM MgCl 2 , with 0, 0.4, or 1 mM MnCl 2 . These protein solutions were injected over the surface of the sensor chip at a flow rate of 50 l/min. At the end of each cycle, surfaces of the sensor chips were regenerated by injection of 0.1 M HCl at the same flow rate. Both association rate constants (k a ) and dissociation rate constants (k d ) were obtained by fitting backgroundsubtracted SPR binding data to the 1:1 Langmuir binding model within the BIAevaluation software version 4.0.
RNA Interference-Double-stranded RNA (dsRNA) was prepared from a template that consisted of a 468-bp PCR product amplified from the M. sexta integrin-␣1 cDNA (nucleotides 1039 -1506), using primers that each contained a T7 RNA polymerase promoter sequence at their 5Ј ends. The sequences for these primers are as follows: forward primer 5Ј-TAATACGA-CTCACTATAGGGAGAGCGCAATCATAAGTGTCGGC-3Ј; reverse primer 5Ј-TAATACGACTCACTATAGGGAGAC-GTCCGGGTGTTTAATTTGG-3Ј. The PCR product was used as template for preparation of dsRNA using MEGAscript RNAi kit (Ambion), following its isolation and extraction after agarose gel electrophoresis. Double-stranded RNA of the M. sexta ␤1-integrin subunit was prepared as described previously (7) . Green fluorescent protein (GFP) dsRNA that was used as a control was purchased from Dharmacon.
Fourth instar larvae were injected in the abdominal hemocoel with 5 g of each dsRNA. When these larvae reached the 3rd day of the fifth larval stadium, hemocytes were collected in anticoagulant saline from an incision of their dorsal horn to assess integrin expression level and to assay cell adhesion.
Bacterial Clearance Assay-Effects of antibodies to M. sexta ␤1-integrin and tetraspanin D76 on bacterial clearance in vivo were investigated using an assay described previously (35) . On day 2 of the fifth larval stadium, M. sexta were injected with 50 l of PBS, 50 g of mouse IgG (Sigma), 50 g of MS13 (anti-␤1-integrin), or 50 g of mAb 1G2 (anti-tetraspanin D76). One hour later these larvae were injected with ϳ10 6 colony-forming units of a suspension of Serratia marcescens (ATCC 8195) suspended in 50 l of PBS. At 1, 6, 12, and 24 h after injection of bacteria, samples of hemolymph were collected, diluted, and cultured on LB agar plates. Each plate was scored for the number of bacterial colonies with the red pigment characteristic of this particular bacterial strain.
Encapsulation Assay-Larvae on the 2nd day of the fifth larval stadium were injected with either 100 g of mouse IgG or mAb 1G2. One hour later, these larvae were injected with a suspension of ϳ100 DEAE-Sephadex beads in 100 l of PBS that had been stained with Congo Red. Beads were recovered from dissected larvae 24 h after injection and fixed in 4% paraformaldehyde that had been dissolved in PBS. Beads were scored for encapsulation using phase contrast microscopy (7).
Immunoblotting, Immunofluorescence, and Flow CytometryFor immunoblotting, 40 ng of D76-LEL was separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk in PBS, incubated with anti-His antibody (Qiagen) at a 1:2000 dilution, and developed with an alkaline phosphatase-conjugated substrate kit (Bio-Rad).
For flow cytometry, hemocytes were fixed for 15 min at room temperature with 4% paraformaldehyde dissolved in PBS and washed three times with PBS before being incubated for 1 h at room temperature with a blocking buffer consisting of PBS with 5% BSA. Monoclonal antibody or mouse IgG were added to the blocking buffer at 1 g/ml and incubated overnight at 4°C. After washing three times with blocking buffer, hemocytes were incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Zymed Laboratories Inc.) and then washed three more times with blocking buffer. A FACScan flow cytometer (BD Biosciences) was used for analysis of hemocyte labeling.
For immunofluorescence microscopy, hemocytes were washed twice with anticoagulant saline before being transferred to Grace's medium plus 20% fetal bovine serum. Hemocytes were allowed to settle on a number 1 cover glass for 60 min. At the end of this culture period, the cells were fixed and rinsed with PBS as described above. Fixed cells were blocked for at least 30 min with PBS containing 5% goat serum without any nonionic detergent that permeabilizes cells. To this blocking buffer was added anti-tetraspanin (1:2000) . The hemocytes were labeled overnight at 4°C with this primary antibody and rinsed three times with blocking buffer the next day. A secondary goat anti-mouse antibody coupled to FITC (Zymed Laboratories Inc.) was diluted 1:50 and incubated for 2 h at room temperature with the hemocytes. The cells were washed with blocking buffer three more times before being incubated overnight at 4°C with biotinylated anti-␤1-integrin. After rinsing the cells several times the next day with blocking buffer, Texas Red-avidin D (1:1000) was added. After hemocytes were exposed to this second label at 4°C overnight, they were labeled with 1:1000 dilution of 4,6-diamidino-2-phenylindole stock solution (1 mg/ml) in a permeabilizing blocking buffer containing 0.1% Triton X-100, rinsed three final times with blocking buffer, and then mounted on slides with Tris/glycerol/n-propyl gallate (30:70:0.35).
RT-PCR and Real-time Quantitative PCR-Total RNA was isolated from hemocytes with TRIzol reagent (Invitrogen), and cDNA was synthesized from 5 g of this RNA using Powerscript reverse transcriptase (Clontech). The cDNA was used for real-time PCR amplification (36) along with the iQ SYBR Green supermix (iCycler, Bio-Rad) and appropriate primers (supplemental Methods).
Statistical Analysis-Analysis of variance was used for multiple comparison procedures. Student's t test was used to determine the statistical significance between two interventions. A statistically significant difference for a particular comparison was defined as p Ͻ 0.05 (GraphPad Prism software).
RESULTS

Identification of the ␣1 Chain of HS-integrin-
We previously demonstrated that an integrin containing a ␤ subunit expressed specifically in hemocytes (M. sexta integrin-␤1) functions in plasmatocyte adhesion and encapsulation (7, 27) . At that time, the ␣ subunit of this HS-integrin was not known; in fact, no ␣-integrins from M. sexta had been characterized. Monoclonal antibody MS13, which binds to integrin-␤1, was used to purify the corresponding integrin heterodimer from detergent-solubilized hemocyte membranes (Fig. 1a) . The affinity purification resulted in isolation of the previously characterized 90-kDa integrin-␤1 along with a protein of 110 kDa, presumed to be the integrin ␣ subunit.
The putative ␣ subunit was digested with trypsin, and selected peptides were sequenced by Edman degradation. Two primers were designed for PCR based on the following: 1) the amino acid sequence of one of the tryptic peptides, and 2) a region conserved in ␣ subunit sequences (Fig. 1b) . Using these primers and hemocyte RNA as a template, RT-PCR yielded a 764-bp product that encoded a protein fragment with high similarity to ␣-integrins. This cDNA product was extended by 5Ј-and 3Ј-RACE PCR, and the resulting sequences were verified to occur in the same mRNA by sequencing a full-length 3519-bp cDNA obtained using primers from the predicted 5Ј-and 3Ј-untranslated sequences. The deduced amino acid sequence of this ␣-integrin, designated M. sexta integrin-␣1 (Fig. 1b) , contains an open reading frame of 952 amino acid residues, including a putative 18-residue secretion signal peptide at the amino terminus. Peptide mass fingerprint analysis confirmed that the cDNA sequence corresponds with the purified integrin-␣1 protein. The masses of 19 peptides derived from the purified ␣ subunit protein matched masses of predicted tryptic peptides from the translated cDNA sequence (Fig. 1b) . Seven of these peptides are shown in supplemental Fig. 1 .
The M. sexta ␣1 sequence contains the seven repeated regions that are conserved in other integrin ␣ subunits. This moth sequence is 18% identical to D. melanogaster positionspecific antigen 3, 17% identical to integrin-␣1 from another moth Pseudoplusia includens, and 16% identical to human integrin-␣4 (50) . No clear orthologs exist between the insect integrin sequences and those from mammals, and numbering for the insect sequences should not be construed to indicate orthology.
LEL of Tetraspanin (D76) Binds to HS-integrin-Several
tetraspanin sequences have been identified from M. sexta, including one referred to as D76 that is known to be expressed by hemocytes (24) . A monoclonal antibody (mAb 1G2) generated to a portion of this protein (amino acids 111-217) recognizes a protein of about 31 kDa in hemocyte lysates (Fig. 2a) . Mammalian tetraspanins are known to associate with integrins and to regulate integrin activity (21, 22) . To assay interaction of Manduca integrin and tetraspanin, the LEL of tetraspanin D76, a domain that contains the integrin-binding surface of mammalian tetraspanins (1, 37, 38) , was expressed as a His 6 -tagged recombinant protein (Fig. 2b) .
For the hemocyte adhesion assay, a microplate binding assay demonstrated that hemocytes bind to recombinant LEL protein but not to recombinant GST (Fig. 2c) or His 6 -tagged tyrosine hydroxylase of Manduca (not shown). Preincubation of hemocytes with mouse anti-␤1-integrin (MS13) or LEL protein coated on the well with mouse anti-tetraspanin (mAb 1G2) decreased binding of cells to recombinant LEL, and these two monoclonal antibodies affected hemocyte adhesion in a concentration-dependent manner (data not shown). Preincubation of hemocytes with mouse IgG, however, did not affect hemocyte binding. Magnetic Ni-NTA beads coupled to D76 LEL also bind hemocytes that label with calcein green. Binding of magnetic beads was interrupted by anti-␤1-integrin (MS13) as assayed by flow cytometry (supplemental Fig. 2 ). All hemocyte binding assays suggest that binding of LEL to cells is mediated by HS-integrin. , and supplemental Fig. 3 ). The hemolymph concentrations of Ca 2ϩ and Mg 2ϩ in M. sexta are known to be ϳ5 and 22 mM, respectively (41) . This dependence of cation concentration on binding activity indicates that binding of D76-LEL to HS-integrin follows the general requirement of divalent cations for integrin-ligand interactions.
Another common divalent cation of hemolymph, Mn 2ϩ , increases the apparent affinity/avidity of multiple integrins for their ligands at certain concentrations (42, 43). The effect of different concentrations of Mn 2ϩ on the interaction between D76-LEL and HS-integrin was assessed with a hemocyte adhesion assay and a BIAcore assay. With the hemocyte adhesion assay, 0.4 mM Mn 2ϩ was optimal. With the BIAcore assay, affinity constants in the presence of 0.4 mM MnCl 2 and 1 mM MnCl 2 were significantly higher than in the absence of MnCl 2 . Although 1 mM MnCl 2 confers the highest affinity (K d ), it confers the lowest binding capacity for immobilized integrin (R max ). Considering both the affinities and binding capacities associated with different Mn 2ϩ concentrations, 0.4 mM Mn 2ϩ represents a suitable concentration for enhancing the interaction between D76-LEL and HS-integrin (Table 1) .
RNA Interference of HS-integrin Affects Binding of Hemocytes to Tetraspanin-If tetraspanin D76 is a ligand of HS-integrin
that supports hemocyte adhesion, RNA interference of HS-integrin expression should also affect binding of hemocytes to immobilized tetraspanin D76. Injection of dsRNA for either integrin-␣1 or -␤1 reduced the level of mRNA expression for both these subunits, whereas in a third treatment, injection of a control dsRNA for GFP had no effect on expression of either integrin subunit (Fig. 3, a and b) . The mRNA levels for tetraspanin D76 in these three treatments showed no significant differences (supplemental Fig. 4) . The parallel decrease in expression of both ␣1 and ␤1 mRNA levels by injection of either ␣1 or ␤1 dsRNA alone suggests that expression of these two genes is coordinately regulated in hemocytes, a novel finding not previously reported for integrins.
As another method of assessing the effect of dsRNA on mRNA expression, flow cytometric analysis of hemocytes treated with either ␣1 or ␤1 dsRNA showed that the expression level of HS-integrin by plasmatocytes (ϳ30% of hemocytes) was significantly less than that of the GFP control group (Fig. 3c ).
Hemocytes exposed to integrin dsRNA were assayed for their ability to bind to tetraspanin. Binding of hemocytes to immobilized D76 LEL significantly diminished after larvae were injected with either integrin-␣1 or -␤1 dsRNA (Fig. 3d) . This effect of RNA interference on hemocyte binding offers additional support for the earlier claim that tetraspanin D76 is a ligand of HS-integrin.
Interactions of Transfected S2 Cells with Hemocytes-Drosophila S2 cells transfected with full-length D76 cDNA (S2-D76 cells) were assayed for their interaction with HS-integrin, and their behavior was compared with that of S2 cells transfected with an empty vector (S2-MT cells). Surface expression of D76 
TABLE 1 Kinetics of binding activity for LEL of D76 to HS-integrin at different MnCl 2 concentrations
The binding of D76-LEL to integrin was measured by SPR, and the association (k on ), dissociation (k off ), and binding capacity (R max ) were calculated using BIAevaluation software version 4.0. The apparent dissociation constant K d was determined from the ratio of these two kinetic constants (k off /k on ). Each value presented here represents the mean Ϯ S.D. of three separate experiments. RU indicates resonance units. 
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was confirmed by flow cytometry on S2-D76 cells but not on S2-MT cells (Fig. 4a) . In addition, RT-PCR detected D76 mRNA in S2-D76 transfectants but not in S2-MT cells. As a control, primers specific for Drosophila dorsal resulted in amplification of the expected product in both cell lines (Fig. 4b) .
To study potential interactions between D76 and HS-integrin, binding of hemocytes to adherent S2-D76 and S2-MT cells was assayed. Binding of hemocytes to S2-D76 cells was significantly higher than binding to S2-MT transfectants. Preincubation of hemocytes with anti-␤1-integrin (MS13) or S2 transfectants with anti-D76 (mAb 1G2) significantly diminished binding of hemocytes to S2-D76. Preincubation of hemocytes or S2 transfectants with mouse IgG as a control did not affect cell binding. These hemocyte binding assays imply that binding between hemocytes and S2-D76 cells is mediated by HS-integrin and tetraspanin (Fig. 4c) .
To localize tetraspanin and integrin on hemocyte surfaces, interacting hemocytes were doubly labeled with anti-tetraspanin and anti-␤1-integrin. The labeling showed that the two surface proteins co-localize at sites of cell-cell contact (Fig. 4d) .
A Crucial Role of Tetraspanin D76 in Vivo; Cell-mediated Encapsulation and Bacterial Clearance-In earlier results (7), two anti-␤1-integrins (MS13 and MS34) were shown to block encapsulation of DEAE-Sephadex beads injected into M. sexta larvae. The binding of D76 tetraspanin to HS-integrin suggests that this tetraspanin, in addition to HS-integrin, may function in the cell adhesion required for hemocytic encapsulation of foreign bodies in vivo. Injection of larvae with tetraspanin-specific mAb 1G2 prior to exposure of larval hemocytes to Sephadex beads significantly disrupted hemocytic encapsulation, mimicking the effect of anti-␤1-integrin and ␤1-integrin RNAi on this same immune response (7) . Injection of larvae with mouse IgG as a control had no effect on encapsulation (Fig. 5a) .
As an additional assay of the role of tetraspanin D76 in vivo, anti-tetraspanin D76 was tested for its ability to disrupt clearance of a bacterial infection. Larvae that had been injected with 1 ϫ 10 6 S. marcescens (Gram-negative insect pathogen), after being first injected with saline or mouse IgG, cleared most bacteria within 1 h. By contrast, in larvae that had been first injected with monoclonal antibodies to tetraspanin D76 or ␤1-integrin, the number of viable bacteria in hemolymph remained high up to 6 h after bacterial injection. Bacterial clearance did not occur until 24 h later (Fig. 5b) . This late clearance could be attributed to synthesis of anti-bacterial peptides rather than to cell-mediated phagocytosis or nodulation. Additional assays are needed to establish the mechanism(s) of bacterial clearance. Similar delayed clearance results were obtained by pretreating larvae with ␤1-integrin dsRNA (data not shown). The effects of antitetraspanin D76 on encapsulation and clearance of bacteria imply that tetraspanin D76, along with HS-integrin, plays an important role in cell-mediated immune responses.
DISCUSSION
Immune systems of insects display cell-mediated responses, including nodulation and encapsulation (25, 26, 44) , which involve complex interactions among hemocytes. In response to foreign invaders, hemocytes rapidly switch from a nonadhesive state to an adhesive state, adhering to the foreign surface and often forming a multilayered capsule of aggregated hemocytes.
In the Lepidoptera, two main classes of hemocytes are involved in cell-mediated immune responses. These are the morphologically and biochemically distinct hemocytes known as granular cells and plasmatocytes. Encapsulating plasmatocytes seem to be recruited to surfaces by factors that have been released from granular cells (34) . Two of the surface proteins that choreograph the cell-mediated responses of granular cells and plasmatocytes are the subject of this study, integrins and tetraspanins.
Tetraspanins represent a large superfamily of widely expressed integral membrane proteins with four transmem- brane domains. Their numbers range from 37 in Drosophila and 32 in mammals to 20 members in nematodes (24) . In eukaryotic organisms, they have been implicated in a variety of normal and pathological processes, including fusion of gametes, synaptogenesis, metastasis, fungal invasion of leaves, as well as interaction of cells in the immune system (2, 18, 20) .
Four members of the tetraspanin superfamily have been characterized from the moth M. sexta (24) , and one of these is associated with hemocytes of the moth's immune system. The data presented here suggest that this insect tetraspanin D76 is a specific trans ligand for HSintegrin, in contrast with the known mechanism for association of integrin and tetraspanins on mammalian cells, which involves cis interaction of the LELs of tetraspanins with the ␣ subunits of integrins, thus stabilizing the ligand-binding conformation of integrins (21, 22) . Although the cis tetraspanin-integrin complexes are not disrupted by function-blocking antibodies to integrins (1, 18) , the interactions of Manduca tetraspanin D76 and HSintegrin are blocked by anti-␤1-integrin (function-blocking antibody, MS13), indicating that tetraspanin D76 may interact with the HSintegrin ligand-binding site. These results are reinforced by the observed binding of immobilized D76 LEL to HS-integrin assayed by surface plasmon resonance. A lack of apparent cis-interaction of D76 with HS-integrin is also consistent with studies in which immunoprecipitation of HS-integrin did not coprecipitate tetraspanin D76 (data not shown), By contrast, a wide range of antibodies to integrins, whether function-activating, function-inhibiting, or neutral, have been used to immunoprecipitate integrin-tetraspanin complexes in different mammalian cells (1 . The presence of these divalent cations is essential to the integrity of the heterodimeric structure of mammalian integrins, their conformations, as well as their . Fifth instar larvae were injected with mAb 1G2 or with mouse IgG. One hour later, the larvae were injected with ϳ100 DEAE-Sephadex beads. After 24 h, beads were removed from larval hemocoels and scored for quality of encapsulation. b, both anti-␤1-integrin (MS13) and anti-tetraspanin D76 (mAb 1G2) inhibit bacterial clearance by hemocytes. Fifth instar larvae were injected with the following: sterile PBS; mouse IgG; mAb 1G2; or MS13. One hour later, larvae were injected with 1 ϫ 10 6 live S. marcescens. At different times after injection of bacteria, a given aliquot of hemolymph from each larva was collected and plated on an LB plate, and the red bacterial colonies were counted after an overnight incubation at 37°C. Data represent means Ϯ S.D. of five individual larvae.
ligand-binding functions (4, 42, 45 and Mg 2ϩ for binding of integrin ligands of mammals and insects probably reflect differences in physiological concentrations of these two cations. Standard culture medium for lepidopteran cells (Grace's medium) contains higher concentrations of these ions (4.5 mM CaCl 2 , 11 mM MgCl 2 , 11 mM MgSO 4 ) than does minimum Eagle's medium for mammalian cells (1.8 mM CaCl 2 , 0.8 mM MgSO 4 ) (41) .
By contrast, the optimal concentration of Mn 2ϩ for integrin binding in M. sexta closely matched that for mammalian cells (46) . The concentration of Mn 2ϩ is known to influence the apparent binding affinity of integrin ligands (42), and Mn 2ϩ -binding sites of insect and mammalian integrins probably have a similar function in ligand-integrin interactions.
Suppression of mRNA levels for ␣1 or ␤1 subunits of integrin in hemocytes not only diminished expression of their corresponding proteins but also decreased the binding of these hemocytes to the LEL of tetraspanin D76. This result is consistent with the notion that HS-integrin is the receptor for hemocyte binding to the immobilized tetraspanin LEL. The RNAi studies revealed an unexpected phenomenon: suppression of one integrin subunit coordinately and reciprocally suppressed expression of the other subunit of integrin. This phenomenon does not appear to be a function of the cDNA region from which dsRNA is prepared. Double-stranded RNA prepared from another distinct region of the ␣1-integrin cDNA had a similar effect on the expression of ␤1-integrin mRNA (data not shown). Although it is possible that the apparent coordinate reduction in integrin mRNA levels is part of a broader nontarget effect of RNAi, we are not able to test this possibility by microarray due to lack of genome data for M. sexta. However, it has been demonstrated that changes in the level of mammalian integrin-␤1 expression stimulate changes in the expression of other ␤-integrin subunits, including inducing decreased mRNA stability (47) . Our results are consistent with an interpretation that decreased mRNA level of one partner in the HS-integrin heterodimer leads either to reduction in transcription rate or decreased mRNA stability of the other subunit.
Demonstrating that the LEL domain of tetraspanin D76 is a ligand of HS-integrin implies that full-length tetraspanin on one cell surface should interact with HS-integrin of another cell surface. Manduca hemocytes readily adhered to Drosophila S2 cells expressing tetraspanin D76. The hemocytes that adhered to S2-D76 cells were primarily those that labeled with anti-␤1-integrin. This cell-cell interaction was disrupted by antibodies to both tetraspanin D76 and ␤1-integrin, further evidence for an interaction between tetraspanin and integrin from two different cells resulting in cell adhesion.
Integrin-tetraspanin associations in mammals are not known to include the ligand-receptor associations observed in these experiments with Manduca hemocytes. Perhaps these particular cell-cell associations have arisen uniquely in the insects or have simply been overlooked in mammals. Antibodies to tetraspanins of mammalian cells can either promote or inhibit cell adhesion interactions (1, 2, 19) , presumably regulating the specificity of interactions between integrins and their ligands (48) . Of the 20 members of the tetraspanin superfamily present in human blood cells, six of these proteins have been reported to associate with integrins (49) . Although none of these six mammalian tetraspanins have been reported to associate in trans fashion with integrins on other cells, one or more of the 14 other human tetraspanins may actually represent novel ligand(s) for mammalian integrin(s).
